The structure of the pore of CNG channels is thought the open state, a channel pore acts as a conduit through to be similar to that of other P region-containing ion which select ions move passively into or out of cells. channels. This structure was revealed with the crystalliWhen channels are in the closed state, the pore is oczation of KcsA, a bacterial potassium channel from cluded, thus preventing ion conduction. These molecu- 
Effects of Cysteine Modification Confirm CNG1 Alignment with KcsA
To probe the architecture of the CNG channel pore, we took advantage of the unique biochemistry of cysteine and substituted this amino acid into S6 sites of a cysteine-free CNG1 channel (CNG1c7; Matulef et al., 1999). Mutant channels were generated where each residue between T389 and S399 was individually substituted with a cysteine. Each mutant channel was expressed in Xenopus oocytes, and the effects of cysteine modification on permeation were used to determine an orientation of each side chain relative to the pore axis. We applied the positively charged cysteine-modifying reagent methane thiosufonate-ethyltrimethylammonium (MTSET) ification was expected to have large effects on permeation, due to electrostatic effects of the positively charged head group of MTSET. In contrast, for those cations from entering the inner vestibule; and (4) is acpositions that point away from the pore, modification was expected to have smaller effects on permeation, cess to the inner vestibule through the helix bundle? To since the positive charge will be buried behind the helix address these questions, we probed the pore architecaway from the permeation pathway. ture of CNG channels, using a cysteine substitution apIn inside-out excised patches, maximal currents actiproach. We show here that CNG channels do form a vated by saturating cGMP (2.5 mM) were measured behelix bundle that undergoes a conformational change fore, during, and after a 2 min application of 2 mM to enlarge the smokehole during channel opening; how-MTSET to the intracellular face of each mutant channel. ever, it is also permeable to small cations, even when Examples of the time courses for three mutant channels, channels are closed. In addition, we show that access I390C, V391C, and I398C, are shown in Figure 2A . to the inner vestibule is through the smokehole and not MTSET caused two distinct effects on channel current: by an alternative route.
voltage-dependent block that was rapidly reversible and cysteine modification that was irreversible. The effects of cysteine modification on permeation, as determined Results and Discussion by measuring the current amplitude before (Ipre) and after (Ipost) exposure to MTSET, ranged from little or The S6 region of the bovine rod CNG channel (CNG1) no inhibition (e.g., I390C) to complete inhibition (V391C). shares sequence similarity with both KcsA and a voltThe fraction of cGMP-activated current modified by age-gated potassium channel, Shaker B ( Figure 1A) .
MTSET (1 Ϫ [Ipost/Ipre]) was plotted for each position Based on this sequence alignment between CNG1 and from T389C to S399C ( Figure 2B ). The lack of irreversible KcsA (Doyle et al., 1998), we constructed a homology inhibition of T389C and I390C is consistent with either model (Guex and Peitsch, 1997) to represent the putative no functional consequence of modification or inaccessipore structure of CNG channels ( Figure 1B) . Notably, the bility of these residues. In either case, our interpretation CNG pore model is different from KcsA in the selectivity is the same: T389C and I390C are not facing the pore. filter, as CNG channels lack the GYG signature sequence
The effects of MTSET modification on permeation of potassium-selective channels (Heginbotham et al., were mapped onto the homology model in which each 1992). Outside the selectivity filter, the model is very site was color coded according to whether the effects of similar to KcsA, with the S6 ␣ helices entering the mem-MTSET modification on permeation were small (Ͻ33%, brane at an angle to form a helix bundle on the intracellublue), intermediate (33%-66%, green), or large (Ͼ66%, lar side. As in KcsA, this inverted teepee structure forms red) ( Figure 2C ). Those positions in which modification of introduced cysteines had large effects on permeation the inner vestibule of the channel. also had side chains that are predicted to point toward CNG1c7 channels, under identical conditions, showed very little change in amplitude ( Figure 3B , open circles). the pore. In contrast, those residues in which modification had only small effects on permeation are predicted
We postulated that the current decrease was due to formation of disulfide bonds between S399C residues to point away from the pore. The above results thus support our sequence alignment and homology model of different subunits. Since 10 mM dithiothreitol (DTT) was unable to completely reverse the effect (data not and suggest that, like KcsA, CNG channels form a helix bundle in this region.
shown), we asked whether the presence of DTT could prevent the current decay. Using intracellular solutions To further test our sequence alignment and homology model, we initially focused on two mutants, V391C and containing 10 mM DTT, the current through S399C channels did not appreciably decrease when exposed to a S399C, both predicted to point toward the pore. For these mutants, the fractional currents activated by satu-0 cGMP solution ( Figure 3B, open squares) . Instead, the current was similar to that seen for the control (CNG1c7). rating concentrations of cIMP and cAMP relative to cGMP were similar to CNG1c7 control channels (Figure Our data indicate that a spontaneous disulfide bond between S399C residues from different subunits is re-3A). The relative efficacies of these partial agonists reflect the energetics of the final opening transition (Varsponsible for the observed decline in current. These results are consistent with a prediction of the homology num et al., 1995; Varnum and Zagotta, 1996) and suggest that gating was unaffected by an introduced cysteine model that ␤ carbons of S399C residues can be within about 5 Å of each other at the helix bundle-a distance at these positions. Although the efficacy of the various cyclic nucleotides was unaffected, we did observe a suitable for disulfide bond formation (Careaga and Falke, 1992). novel behavior in S399C channels imposed by the introduced cysteine. When S399C channels were exposed We investigated disulfide bond formation at V391C, also predicted to point toward the pore. There was no to a solution free of cyclic nucleotide (0 cGMP) for 500 s, the amplitude of the current was decreased upon evidence of a spontaneous disulfide bond formed at this site; however, a disulfide bond could be induced when subsequent exposure to saturating cGMP. This decrease in current followed a single-exponential time redox catalyst Cu Since a conformational change occurs in the helix bundle that is associated with gating, we asked, does the channels in saturating cGMP. After 1 hr in 2.5 mM cGMP, the current decline was small ( Figure 4A ). Only when helix bundle act as an activation gate for CNG channels? If so, cysteine residues lining the inner vestibule should S399C channels were closed by subsequent exposures to a nucleotide-free solution (0 cGMP) was there a signifbe protected from internal MTSET modification in the closed state. To investigate whether the helix bundle icant decrease in cGMP-activated current ( Figure 4A ). This state dependence of disulfide bond formation was acts as a gate, we determined the state-dependent accessibility of several cysteine mutants that line the pore quantified by comparing rates of current decay in 0 cGMP and saturating cGMP. Figure 4B shows that the and span the helix bundle, by measuring the rates of modification for each site in both open and closed rate was 10-fold faster in 0 cGMP than in saturating cGMP. This slow rate in saturating cGMP is an overestistates. Rates for closed-state modification were measured by repeatedly exposing inside-out patches to mate, given that some rundown in current was seen in the open state then the closed state is not surprising, given that this residue is predicted to be below the helix bundle ( Figure 5D ). In contrast, there is a greater than 100-fold difference between open-and closed-state rates of modification of V391C, I394C, and S396C ( Figure  5C ). This state-dependent modification is consistent with the helix bundle acting as a gate controlling accessibility of MTSET to the inner vestibule. throughout the experiments, using a gravity flow system. All experiusing a PCR-based mutagenesis method as previously described ments were carried out at room temperature (22ЊC-25ЊC). (Gordon and Zagotta, 1995b). All introduced cysteine substitutions Data acquisition was controlled using PULSE data acquisition were confirmed by automated sequencing (PE Applied Biosystems, software running on a Pentium III-based computer. All currents were Foster City, CA). Each cDNA was transcribed using a T7 promoterrecorded using an Axopatch 200A amplifier (Axon Instruments, Fosbased in vitro transcription method (Ambion, Austin, TX), and cRNA ter City, CA) and low-pass filtered at 2 kHz, then digitized and acwas injected into Xenopus oocytes (Xenopus One, Dexter, MI) for quired at a rate of 10 kHz. Data were stored on disk for offline expression as previously described (Zagotta et al., 1989) . analysis using the software package Igor (WaveMetrics, Lake Oswego, OR).
Helix Bundle Is Permeable in Closed State

Recording Conditions
Inside-out patches of membrane were excised from oocytes 4-7 days postinjection, using 0.5-1 M⍀ borosilicate electrodes (VWR Homology Modeling A homology model of the CNG1 channel pore was constructed Scientific Products). The standard solution on both sides of the membrane consisted of (in mM) NaCl, 130; HEPES, 3; and EDTA, using the amino acid sequence alignment in Figure 1A and 
